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oskarmRNA localization at the oocyte posterior pole
is essential for correct patterning of the Drosophila
embryo. Here we show at the ultrastructural level
that endogenousoskar ribonucleoprotein complexes
(RNPs) assemble sequentially with initial recruitment
of Hrp48 and the exon junction complex (EJC) to
oskar transcripts in the nurse cell nuclei, and
subsequent recruitment of Staufen and microtubule
motors, following transport to the cytoplasm. oskar
particles are non-membrane-bound structures that
coalesce as they move from the oocyte anterior to
the posterior pole. Our analysis uncovers a role for
the EJC component Barentsz in recruiting Tropomy-
osin II (TmII) to oskar particles in the ooplasm and
reveals that TmII is required for kinesin binding to
the RNPs. Finally, we show that both kinesin and
dynein associate with oskar particles and are the
primarymicrotubulemotors responsible for transport
of the RNPs within the oocyte.
INTRODUCTION
mRNA localization is a powerful, evolutionarily conserved, and
highly prevalent mechanism for spatially and temporally restrict-
ing protein synthesis to specific cytoplasmic locations within
eukaryotic cells and in many organisms underlies the asym-
metric segregation of cell-fate determinants during development
(St Johnston, 2005; Martin and Ephrussi, 2009). In Drosophila,
localization of bicoid, gurken, and oskar (osk)mRNAs to anterior,
dorsal, and posterior regions of the oocyte determines the future
body axes of the fly. osk mRNA encodes the posterior determi-
nant Osk protein, a potent inducer of abdominal structures and
germ cells in the embryo, and its localization and translation at
the posterior pole of the oocyte are essential for proper develop-
ment of the fly (Lehmann and Nusslein-Volhard, 1986; Ephrussi
et al., 1991; Kim-Ha et al., 1991; Ephrussi and Lehmann, 1992).
The Drosophila oocyte develops in a syncytium of 16 germline
cells surrounded by a somatic epithelium. The 15 nurse cells
support the development of the oocyte and are presumed to
transcribe osk mRNA, which is transported through ring canals
into the oocyte in a process involving Bicaudal D, Egalitarian,
R
TRand dynein (Navarro et al., 2004). osk mRNA localization is
dynamic and evolves during the 14 stages of oogenesis. Light
microscopy analysis has shown that osk mRNA is uniformly
dispersed in the ooplasm during early oogenesis (stages 1–6).
At mid-oogenesis (stage 8), the mRNA is transiently enriched in
the center of the oocyte (Cha et al., 2002), then accumulates at
the oocyte posterior pole (stage 9), where it persists throughout
oogenesis and early embryogenesis (Ephrussi et al., 1991;
Kim-Ha et al., 1991). osk mRNA transport from the nurse cells
both into the oocyte and to the oocyte posterior pole are micro-
tubule (MT)-dependent, as osk localization fails in flies fed
MT-depolymerizing drugs (Theurkauf et al., 1993).
Although the three-dimensional organization of the MT cyto-
skeleton in the egg chamber is complex and not well understood,
it is generally accepted that MTs undergo important rearrange-
ments during oogenesis (Januschke et al., 2006). From stages
2 to 7, a centrosome located at the oocyte posterior pole
appears to nucleate MTs that extend from the oocyte into the
adjacent nurse cells (Theurkauf et al., 1993). At stage 7/8, the
oocyte MTs depolymerize and a new array is established, with
the MT minus ends concentrated along the oocyte anterior and
lateral cortex and plus ends focused toward the posterior pole
(Clark et al., 1994), forming an anterior-to-posterior gradient
(Theurkauf et al., 1993).
Different models have been proposed to explain osk mRNA
transport within the oocyte. osk localization fails in kinesin
heavy chain (khc)mutants, suggesting that the mRNA is actively
transported by kinesin along MTs to the posterior pole (Brendza
et al., 2000). This simple model was challenged by Cha et al.
(2002), who observed that osk mRNA is distributed evenly
around the oocyte cortex in khc null mutants and that only
a low density of MT is detected at the posterior pole. These find-
ings led to a two-step model whereby, in a first step, kinesin
drives osk mRNA away from the MT-rich anterior and lateral
cortex to the center of the oocyte; and in a second step, a still
unclear mechanism would then mediate the selective accumula-
tion of the mRNA at the posterior pole. Studying khc hypomor-
phic alleles in which the speed of the motor is drastically
reduced, Serbus and coworkers (2005) provided evidence that
kinesin controls both steps, namely the transient central enrich-
ment and the subsequent translocation of osk mRNA to the
posterior pole. However, a recent live-imaging study questioned
these models (Zimyanin et al., 2008). Based on the tracking of
MS2-GFP-tagged osk in wild-type (WT) and mutant oocytes, it
was proposed that the mRNA moves to the posterior pole in a
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Figure 1. osk Localization during Mid-oogenesis as Revealed by ISH-EM
(A and B) Immunolabeling of oskmRNA in stage 8WT oocytes. ThemRNA is enriched in the central area of the oocyte, within numerous particles (A). (B) Enlarged
view of the dashed box in (A). osk RNPs appear as slightly electron-dense particles not bound by membranes.
(C andD) At stage 9, osk accumulates at the posterior pole, within electron-dense aggregates. Individual oskRNPs at the posterior pole area are large particles (C,
arrowheads). (D) Enlargement of the dashed box in (C). osk aggregates are not surrounded by membrane but intermingled with tubular endocytic structures
emanating from the oocyte plasma membrane. osk aggregates are contiguous with electron-dense structures not labeled for the RNA (arrows).
(E) Double-labeling of stage 9 oocytes for osk mRNA (10 nm gold) and Osk protein (15 nm) shows that the two markers do not colocalize.
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kinesin-dependent manner by a slightly biased random walk
along a weakly polarized cytoskeleton. Importantly, although
Khc has been implicated in osk mRNA transport, association of
Khc with osk transport particles has never been shown. It is
indeed possible that the requirement for Khc is indirect: other
processes such as ooplasmic streaming are also kinesin depen-
dent (Brendza et al., 2002; Palacios and St Johnston, 2002) and
could in principle be responsible for osk localization. It has also
been proposed that oskmRNA is not directly linked to the kinesin
motor but rather is transported in association with membrane-
bound structures to the posterior pole (Cohen, 2005). Moreover,
it is not clear if Khc is the only motor involved in oskmRNA trans-
port within the oocyte or if additional motor proteins have an
active role in this process.
Assemblyofosk transport ribonucleoproteincomplexes (RNPs)
is thought to begin in the nurse cell nuclei, as both splicing of the
first osk intron and all four core components of the exon junction
complex (EJC) are required for osk localization (Hachet and
Ephrussi, 2001, 2004; Mohr et al., 2001; Newmark and Boswell,
1994; Palacios et al., 2004; van Eeden et al., 2001). However
binding of the EJC to osk has not been demonstrated. The
RNA-binding proteins Hrp48 and Staufen (Stau) are also required
and have been inferred to associatewith themRNA in vivo (Huynh
et al., 2004;Micklemet al., 1997; St Johnston et al., 1991). Finally,
the actin-binding protein TropomyosinII (TmII) is essential for osk
localization, suggesting that actin fibers may also have a role in
osk mRNA transport (Erdelyi et al., 1995). Although genetics has
shown that these proteins are involved in osk localization, if and
where they associate with the mRNA has been unclear.
A precise understanding of the hierarchy of RNA particle
assembly and of the molecular mechanisms mediating osk
mRNA transport requires high-resolution visualization of the
endogenous mRNA in its native cellular environment. In this
study, we have analyzed osk mRNA transport by coupling
in situ hybridization with cryoimmuno-electron microscopy
(ISH-EM), a technique that was recently developed to detect
gurken mRNA in Drosophila oocytes (Delanoue et al., 2007).
We first detect endogenous oskmRNA in the nuclei of the nurse
cells and observe the successive recruitment of proteins
required for its cytoplasmic transport. We show that osk particles
are non-membrane-bound structures that coalesce as they
move from the oocyte anterior to the posterior pole. Our analysis
uncovers a role of the EJC component Btz in TmII recruitment to
osk particles in the ooplasm and reveals that TmII is selectively
required for kinesin binding to the RNPs. Finally, we show that
both kinesin and dynein are associated with osk particles and
that they are the primary MT motors responsible for transport
of the RNPs within the oocyte.
RESULTS
Visualization of Endogenous osk Transport Particles
by ISH-EM
To characterize the cellular structures involved in osk mRNA
transport, we first focused our analysis on WT oocytes. Fluores-
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TRcence in situ hybridization (FISH) indicates that, at stage 8, osk
mRNA accumulates transiently in the center of the oocyte
(Figure S1A available online; Cha et al., 2002). ISH-EM analysis
revealed that, at this stage, endogenous osk molecules are
mostly concentrated in the oocyte center, in slightly electron-
dense particles of variable size (Figures 1A and 1B; Table S1).
Control experiments confirmed the specificity of the osk mRNA
labeling (see Supplemental Data). oskmRNA was also observed
in small particles at the anterior (Figure S1B; Table S1) and along
the lateral cortex of the oocyte (Figure S1C; Table S1). In
contrast, no osk-containing particles were detected at the poste-
rior pole (Figure S1D). Importantly, this analysis clearly shows
that the particles are neither surrounded by membranes nor
associated with any specific intracellular organelle.
At stage 9, the bulk of oskmRNA is localized in a tight crescent
at the posterior pole, when visualized by FISH (Figure S2A;
Ephrussi et al., 1991; Kim-Ha et al., 1991). At the ultrastructural
level, we detected few particles at the oocyte anterior
(Figure S2D; Table S1), at the lateral cortex (Figure S2E; Table
S1), or in the center of the oocyte (Figure S2F; Table S1). Most
of the mRNA was found concentrated at the very posterior
pole, within large electron-dense structures we refer to as aggre-
gates, as they appear to originate from the coalescence of large
osk particles (Figures 1C, 1D, S2B, and S2C; Table S1). Notably,
the vast majority of individual particles detected in this area
were large (Figure 1C, arrowheads; Table S1), suggesting that
large particles mediate the last phase of mRNA transport from
the oocyte center to the posterior pole. The majority of osk
aggregates were interspersed between tubular and vesicular
structures resembling those recently identified as part of the
endocytic compartment (Vanzo et al., 2007), whereas others
were in close proximity to tubular structures of the endoplasmic
reticulum (ER), Golgi stacks, and mitochondria.
At stage 10, osk mRNA was observed almost exclusively at
the posterior in aggregates (Figure 1F; Table S1) that appear
to form a continuum throughout the area located between
the yolk-rich cytoplasm and the tubular invaginations of the
plasma membrane. We also noted that the mRNA aggregates
are often physically continuous with other electron-dense
structures that are not positively labeled for osk mRNA yet
resemble polar granules (Figure 1D, see arrows). Remarkably,
osk mRNA and Osk protein, a polar granule marker (Vanzo
et al., 2007), are enriched on adjacent, but distinct cellular
structures (Figure 1E).
We next examined the distribution of osk in the nurse cells.
During stages 8, 9, and 10, a few small osk RNPs were detected
in the cytoplasm, as well as in the nuclei of the nurse cells (3.3 ±
0.3 particles per field (see Experimental Procedures; Figures 2F
and 2G). No mRNA labeling was observed in the oocyte nucleus
(see Figure 7B), thus providing evidence that osk mRNA
synthesis is restricted to the nurse cells. The scarcity of osk
RNPs present in nurse cells suggests that either the bulk of
osk is already transported into the oocyte by stage 8 or that
particle transport from the nurse cells into the oocyte is a rapid
and efficient process.
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YG = yolk granule. Scale bars: (A and C) 500 nm; (B, D, and E) 250 nm; (F) 350 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 985
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Hrp48, Barentsz, and Staufen Are Enriched in osk RNPs
and Aggregates
Immunofluorescence and biochemical studies have suggested
that Hrp48, Btz, and Stau associate with osk mRNA in vivo and
accumulate during stage 9 of oogenesis at the posterior pole
(Huynh et al., 2004; St Johnston et al., 1991; van Eeden et al.,
2001; Yano et al., 2004). ISH-EM of WT oocytes at stages 8
and 9 revealed that Hrp48 (Figures S4A–S4C), Btz (Figures
S4D-S4F), and Stau (Figures S4G–S4I) colocalize with osk
RNPs at the lateral cortex (Figures S4A and S4D, arrows; Table
S2), in the center (Figure S4G, see arrows; Table S2), and also
with osk aggregates at the posterior pole of the oocyte (Figures
S4B, S4E, and S4H). These results indicate that these three
proteins are components of the osk transport complex.
To assess where Hrp48, Btz, and Stau are first loaded onto osk
RNPs, we analyzed their distribution relative to oskmRNA within
the nurse cells. Hrp48 and oskmRNA colocalize in small particles
both in the nuclei and in the cytoplasm of the nurse cells
(Figure S4C, arrows; Table S2), showing that Hrp48 first associ-
ates with oskmRNA in the nuclei of the nurse cells. Only 18% of
osk particles are associated with Btz in nurse cell nuclei (not
shown; Table S2), whereas 78% of osk RNPs colocalize with
Btz in the nurse cell cytoplasm (Figure S4F, arrows; Table S2).
This suggests that Btz predominantly associates with osk
RNPs in the cytosol or that, upon Btz binding, osk mRNA is
rapidly exported from the nucleus. In contrast, Stau was exclu-
sively detected in the cytosol, where it colocalizes with osk parti-
cles (Figure S4I, arrows; Table S2), indicating that it is loaded
onto the RNPs after nuclear export.
osk Particles Associate with Microtubules and Contain
Both Kinesin and Dynein
Evidence of a direct association of oskRNPswithMTs andmotor
proteins is lacking due to the limited resolution of immunofluo-
rescence microscopy. Double-labeling of stage 8 oocytes for
osk mRNA and a-tubulin revealed that nearly 90% of osk RNPs
in the ooplasm are either associated with or located within 100
nm of the nearest MT. Although MTs are difficult to visualize by
cryoimmuno-EM, aligned gold particles reveal the presence of
MTs. When the plane of section was parallel to the MT, we
observed osk particles lying on (Figure 2A), or in some cases
wrapping around, the MT (Figure 2B). Colocalization of osk
RNPs and MTs was also observed in stage 9 oocytes, including
at the posterior pole (Figure 2C). Specificity of the labeling was
confirmed by the virtual absence of gold particles from yolk gran-
ules (Figures 2A, 5D, and 6D) and nurse cell nuclei (not shown).
The binding of transport carriers,membranous organelles, and
even RNA particles to MTs is for the most part mediated by the
two MT motor proteins, kinesin and dynein (Bullock et al.,
2006; Delanoue et al. 2007; Hirokawa, 1998). Kinesin and dynein
have been shown to enrich at the posterior pole ofWTDrosophila
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TRoocytes, suggesting that both may travel with osk mRNA to the
posterior pole (Brendza et al., 2002; Li et al., 1994). However,
an association of osk RNPs with motor proteins has never
been demonstrated, either bymicroscopy or biochemical copur-
ification.
In stage 8 oocytes, Khc colocalizes with nearly 90% of osk
RNPs in the center (Figure 2D, arrows; Table S2), at the anterior
(Figure S5A, arrows), and at the lateral cortex (not shown) of the
oocyte. At stage 9, in agreement with published data (Brendza
et al., 2002), Khc is mostly enriched at the posterior pole, where
it colocalizes with osk aggregates (Figure S5B). Although kinesin
is involved in multiple intracellular transport processes, our
immuno-EM analysis revealed that nearly all the kinesin we
detected is associated with osk RNPs. This presumably reflects
the enrichment of kinesin on osk particles relative to other struc-
tures, as additional cytoplasmic labeling was observed with
higher antibody concentrations (Figure S6; Table S3). Moreover,
the labeling of kinesin is clearly specific, as only low-level uniform
labeling of cytosol and osk mRNA particles was observed in
kinesin null (khc27) oocytes (Figure S6; Table S3).
We next assessed whether dynein is a component of osk
RNPs by labeling sections with an anti-Dhc antibody (Li et al.,
1994). ISH-EM revealed that during stage 8, Dhc is associated
with 84% of osk particles in the center (Figure 2E, arrows;
Table S2), at the anterior (Figure S5C, arrows), and at the lateral
cortex (not shown) of the oocyte; at stage 9, Dhc colocalizes
with osk aggregates at the posterior pole (Figure S5D, arrows).
Triple-labeling for osk mRNA and the two motors confirmed
that the mRNA associates simultaneously with kinesin and
dynein (Figures S5E and S2F). Moreover, it revealed a 6.3- and
4.9-fold enrichment of Khc and Dhc, respectively, on osk RNPs
relative to ooplasm (Table S3).
To date, the MT minus-end motor, dynein, has been impli-
cated as the sole motor transporting RNPs from the nurse cells
into the oocyte, irrespective of the stage of oogenesis and the
orientation of the MT cytoskeleton (Clark et al., 2007; Mische
et al., 2007). In contrast, the plus-end motor kinesin has been
considered the main motor for osk transport within the oocyte
during mid and late oogenesis. To evaluate where kinesin and
dynein are first loaded onto osk particles, we examined the local-
ization of the mRNA and the motors in the nurse cells. Remark-
ably, whereas Dhc colocalized with 89% of osk particles in the
nurse cell cytoplasm (Figure 2G, arrows; Table S2), Khc was
also present on 86% of the particles (Figure 2F, arrows; Table
S2). No labeling of the motor proteins was detected in the nurse
cell nuclei, further confirming the specificity of the signal (Figures
2F and 2G).
In summary, our EM analysis shows that osk RNPs are associ-
ated with MTs, kinesin, and dynein in the cytoplasm of the nurse
cells and the oocyte. Although the exact nature of the associa-
tion of the motors with osk mRNA remains to be determined,
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DFigure 2. osk Particles and Aggregates Associate with the Microtubule Cytoskeleton
Stage 8 (A, B, and D–G) and 9 WT oocytes (C) were processed for ISH-EM. Double-labeling of cryosections for osk mRNA (10 nm gold) and a-tubulin (15 nm)
shows that osk RNPs are associated with MTs (A and B). At stage 9, osk is enriched at the posterior pole within electron-dense aggregates in close proximity
to MTs (C). Both kinesin (D, arrows, 15 nm) and dynein (E, arrows, 5 nm) colocalize with osk particles (10 nm) in the center of the oocyte at stage 8. (F and G)
Electron micrographs show that Khc (15 nm) and Dhc (15 nm) are associated with osk particles (10 nm) inside the nurse cell cytoplasm (arrows).
Scale bars: (A and B) 150 nm; (C) 100 nm; (D–G) 280 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 987
Figure 3. Dynein Transports osk Particles toward the Oocyte Cortex in khc27 Oocytes
FISH reveals thatoskmRNA is uniformly dispersed in the cytoplasmof khc27oocytes at stage 8 and, fromstage 9 onward, is detected around the oocyte cortex (A).
(B) ISH-EM of khc27 oocytes at stage 9 confirms the accumulation of osk particles (10 nm gold) at the lateral cortex.
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these data provide evidence that osk RNPs are coupled to the
MT motors thought to be responsible for their transport.
Dynein Transports osk mRNA to the Oocyte Cortex
in the Absence of Kinesin
To further dissect the role of Khc in osk transport, we combined
electron microscopy and live-cell imaging to examine oskmRNA
particle assembly and transport in khc27 null mutant oocytes
(Brendza et al., 2000). Using immunofluorescence, we observed
that the central accumulation of osk mRNA in WT stage 8
oocytes was absent from khc27 oocytes (Figure 3A; Cha et al.,
2002) and, instead, the mRNA was dispersed uniformly
throughout the ooplasm. From stage 9 onward the mRNA was
found concentrated around the cortex (Figure 3A), where the MT
minus ends are enriched (Cha et al., 2002; A.T. and A.E. unpub-
lished data). At the ultrastructural level osk was detected mostly
around the oocyte cortex (Figure 3B), including the oocyte ante-
rior and posterior poles (Figures S7A and S7C), and few particles
were present in the center (Figure S7B). As in WT oocytes, parti-
cles at the anterior were small (Table S1). However, the size of
the osk particles was considerably reduced in the center and
at the posterior pole of khc27, compared with WT oocytes (Table
S1). Thus, in khc27, the particles transported away from the ante-
rior undergo only partial coalescence in the center of the oocyte
and fail to form large aggregates at the posterior pole.
The localization of osk mRNA at the cortex in khc27 oocytes
could result either from active MT-dependent transport or from
passive diffusion of the mRNA and entrapment at the cortex.
We therefore analyzed the distribution of osk mRNA in WT and
khc27 stage 9 oocytes whose MT cytoskeleton was disrupted
by feeding colchicine to flies. In both control and mutant
oocytes, the mRNA was dispersed diffusely throughout the oo-
plasm (Figures S7E and S7F), showing that the cortical accumu-
lation of osk in khc27 oocytes is the result of active, MT-based
transport.
We next evaluated the association of osk RNPs with MTs and
Dhc in khc27 oocytes. As in WT oocytes, nearly 90% of the osk
particles were in close proximity to MTs (Figures 3C and 3D)
and Dhc colocalized with 90% of osk RNPs at the cortex
(Figure 3E, arrows), in the center, and at the anterior of khc27
oocytes (not shown), revealing that dynein is recruited indepen-
dently of kinesin to osk RNPs.
To demonstrate that, in the absence of kinesin, dynein medi-
ates the transport of oskmRNA to the lateral cortex, we injected
anti-Dhc antibody into khc27 stage 9 oocytes, then performed
time-lapse imaging to follow the dynamic movements of
oskMS2-GFP particles. The antibody was effective in blocking
dynein function, as its injection induced premature streaming
in WT oocytes, as previously described for anti-Dhc and anti-
Dic antibodies (Movies S1 and S2; Serbus et al., 2005). Analysis
of uninjected khc27 oocytes revealed a small but significant frac-
tion (16.7% ± 1.2%) of oskMS2 particles still able to make long
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S8F; Table S4). In contrast, 20 min after antibody injection into
khc27 oocytes, the fraction of linearlymoving particles decreased
to 10.4% ± 1.5% and no long displacements were observed
(Movie S4; Figures S8D and S8F; Table S4). To estimate the
motile capacity of the RNPs, we calculated the mean linear
displacement (MLD) (see Experimental Procedures). Upon injec-
tion of anti-dynein antibody, theMLDdropped to about one-third
of that observed in uninjected oocytes (166 ± 16 nm/min versus
69 ± 10 nm/min), confirming the inhibitory action of the antibody
(Table S4). The observed change is due to the decrease both in
the fraction of motile particles (16.7% ± 1.2% versus 10.4% ±
1.5%) and in the mean track length (1046 ± 47 nm versus 697 ±
30 nm) (Table S4). In control khc27 oocytes injected with anti-HA
antibody, we detected no change in motility when compared to
uninjected oocytes (177 + 8 nm/min versus 169 + 17 nm/min;
uninjected and injected, respectively) (Movie S5; Figures S8E
and S8F; Table S4). To determine if the residual motility observed
in khc27 oocytes after antibody injection is the result of a third
motor protein carrying osk RNPs along MTs or to another
process (i.e., passive limited diffusion of particles in the ooplasm,
triggered by the dumping of nurse cell cytosol into the oocyte),
we analyzed oskMS2RNPmotility inWT oocytes after colchicine
treatment (Movie S6; Figures S8B and S8F). The measured
values for MLD, mean track length, and fraction of moving parti-
cles in the colchicine-treated WT oocytes did not differ signifi-
cantly from those in khc27 oocytes after anti-dynein antibody
injection (Table S4). These results strongly suggest that dynein
is an active component of the RNPs and that Khc and Dhc are
the primary MTmotors directly involved in osk particle transport.
Dhc was also associated with osk RNPs in the cytoplasm of
the nurse cells, thus explaining the efficient transport of the
mRNA from the nurse cells into the oocyte in khc27 oocytes
(Figure S7D, arrows; Table S2). Furthermore, double-labeling
experiments revealed that the loading of Hrp48, Btz, and Stau
onto osk particles in both the nurse cells and the oocyte is normal
(Figures 3F–3H, see arrows; data not shown; Table S2). These
findings indicate that kinesin is not required for the stable asso-
ciation of these proteins with osk mRNA.
TropomyosinII Is Required for Khc Association
with osk RNPs
TmII is required for osk mRNA localization (Erdelyi et al., 1995).
To gain some insight into the role of TmII in this process, we first
examined its distribution in egg chambers at the ultrastructural
level. TmII labeling was widely distributed throughout the
ooplasm (Figure 4A) and nurse cells of WT oocytes (not shown)
but was not observed on mitochondria or yolk granules and
was strongly reduced in TmIIgs1 oocytes (Figure S9A). Remark-
ably, TmII was detected on nearly all osk RNPs in the ooplasm
and showed little association with particles in the nurse cells
(Figure 4A; data not shown; Table S2), demonstrating that
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D(C andD)Double-labeling ofoskmRNA (10 nm) and a-tubulin (15 nm) shows thatoskRNPs associatewithMTs. This association is presumablymediated bydynein
(15 nm), which colocalizes with osk RNPs (E, arrows, 10 nm). The loading of Hrp48 (F, arrows, 15 nm), Btz (G, arrows, 15 nm), and Stau (H, arrows, 15 nm) on osk
transport particles (10 nm) is not affected in khc27 oocytes.
Scale bars: (A) 50 mm; (B) 200 nm; (C and D) 60 nm; (E) 150 nm; (F–H) 300 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 989
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some proteins are recruited to osk mRNA after its entry into the
oocyte.
We next analyzed osk localization in TmIIgs1 oocytes by FISH
and ISH-EM. As in the khc27 mutant, osk failed to enrich at the
posterior pole and was mainly detected around the cortex of
stage 9 TmIIgs1 oocytes (Figure 4B). The enrichment of osk at
the cortex is mediated by active MT-dependent transport, as
feeding TmIIgs1 flies with colchicine resulted in a diffuse osk
staining in the ooplasm (Figure S7G). Importantly, the transient
central accumulation of osk typical of stage 8 WT oocytes was
not detected in the mutant. At the ultrastructural level, both the
distribution of osk RNPs and their sizes in the different regions
of TmIIgs1 oocytes were similar to those observed in khc27
(Figures 4C, S9B, and S9C; Table S1). Moreover, osk mRNA
aggregates were never observed at the posterior pole, indicating
that TmII is required for osk transport rather than anchoring.
It was recently proposed that TmII might be involved in loading
of the EJC onto osk RNPs (Zimyanin et al., 2008). Double-
labeling of TmIIgs1 mutant oocytes for osk mRNA and Btz
revealed that the loading of this EJC component on osk mRNA
is normal (Figure S9E; Table S2). Similarly, the association of
Hrp48 (Figure S9D; Table S2) and Stau (Figure S9F; Table S2)
with osk RNPs was comparable in TmII and WT oocytes. These
data show that the first steps in osk particle assembly are normal
in TmII mutants, indicating that TmII acts at a later step in osk
transport to the posterior pole.
We next analyzed the association of osk mRNA with MTs,
kinesin, and dynein. Strikingly, ISH-EM revealed that 87% of
osk particles are associated with both MTs (Figures 4D and 4E)
and Dhc (Figure 4G, arrows; Table S2), but that only 16% coloc-
alize with Khc (Figure 4F, see arrows; Table S2). TmII showed
a normal association with osk mRNA particles in khc27 oocytes,
confirming that TmII acts upstream of kinesin (Figure S9G).
Furthermore, the binding of Khc and Dhc to MT was normal in
TmIIgs1 oocytes (compare Figures S9H and S9I to S9J and
S9K). Therefore, TmII is specifically required for recruitment or
stability of kinesin on oskRNPs. The stable association of dynein,
a minus-end motor, with osk particles in TmII oocytes therefore
can explain the accumulation of osk at the oocyte cortex.
Hrp48 Regulates osk RNP Association with
Microtubules and Motors
The RNA-binding protein Hrp48 is essential for posterior
localization of osk in the oocyte (Huynh et al., 2004; Figure 5A).
Analysis of hrp487E7-18mutant oocytes at the ultrastructural level
revealed a uniform distribution of small osk RNPs throughout the
oocyte, suggesting a defect in particle integrity (Figures 5B, 5C,
S10A, and S10B; Table S1). However the association of BtzRE
TR(Figure S10C; Table S2), Stau (Figure S10D; Table S2), and
TmII (not shown; Table S2) with osk RNPs appeared normal in
the mutant, indicating that EJC deposition and binding of Stau
and TmII occur independently of Hrp48 function, implying an
involvement of the protein in mRNA particle coalescence.
We next investigated the association of osk mRNA particles
with MTs, kinesin, and dynein in the oocyte cytoplasm. Only
14% of the particles colocalized with Khc (Figure 5E; Table
S2), 11% with Dhc (Figure 5F; Table S2), and only 12% were in
close proximity toMTs (Figure 5D) in hrp487E7-18 oocytes. Impor-
tantly, Khc and Dhc appeared to be normally bound to MTs,
suggesting that functionality of the MT cytoskeleton was not
affected (Figures S10E and S10F). Altogether, these data indi-
cate that osk mRNA particles are not properly formed in
hrp487E7-18 oocytes and, consequently, fail to efficiently bind
kinesin and dynein for their transport to the posterior pole.
In spite of the reduced association of oskRNPswithMTs, Khc,
and Dhc in hrp487E7-18 oocytes, export of osk mRNA from the
nurse cells occurs. However, this process is not entirely normal,
as a more intense osk mRNA staining was observed by FISH in
the nurse cell cytoplasm (Figure 5A) than in WT egg chambers
(Figure S2A). This was confirmed at the ultrastructural level,
where a higher content of osk RNPs was detected in hrp487E7-18
than in WT nurse cell cytoplasm (7.8 ± 0.9 particles per field).
Double-labeling revealed that, in the nurse cell cytoplasm,
45% of osk particles colocalize with a-tubulin (not shown),
40% with Khc, and 42% with Dhc (Figures S10G and S10H,
red arrows; Table S2). Although the association of osk RNPs
with the motor proteins is reduced, it appears to be sufficient
over time for transport of the majority of osk particles into the
oocyte. Taken together, these data indicate that Hrp48 function
becomes critical for proper association of the RNPs with their
motors once osk particles enter the oocyte.
Btz Regulates the Recruitment
of Stau, TmII, and Motor Proteins
to osk RNPs
The EJC is deposited on RNAs concomitant with splicing and
contains a core of four proteins (Mago Nashi, Y14, Btz, and el-
F4AIII), all of which are required for osk mRNA localization at
the oocyte posterior pole (Hachet and Ephrussi, 2001; Mohr
et al., 2001; Newmark and Boswell, 1994; Palacios et al., 2004;
van Eeden et al., 2001). We focused on one representative
EJC component and analyzed btz2 oocytes. As shown in
Figure 6A, FISH experiments revealed that, from stage 9 onward,
oskmRNA is dispersed throughout the ooplasmwith amoderate
enrichment at the oocyte anterior. At the ultrastructural level,
small osk RNPs (Table S1) were detected in all regions of the
AC
TE
DFigure 4. TmII Is a Component of osk Transport Particles and Is Required for Their Association with Khc
(A) Early stage 9 WT oocytes double-labeled for osk mRNA (10 nm gold) and TmII (15 nm). TmII is detected throughout the ooplasm and colocalizes with the
majority of osk particles (see arrows).
(B) Confocal image of a TmIIgs1 oocyte showing that from stage 9 onward osk mRNA is enriched around the cortex.
(C) Electron micrograph of stage 9 TmIIgs1 oocyte highlights the accumulation of osk RNPs (10 nm) near the cortex.
(D and E) In TmIIgs1, osk RNPs (10 nm) associate with MTs (15 nm).
(F and G) Double-labeling of cryosections for osk mRNA (10 nm) and Khc (F, arrows, 15 nm) or Dhc (G, arrows, 15 nm) reveals a reduced loading of Khc on osk
transport particles (inset in F), whereas Dhc shows normal association (arrows; inset in G).
Scale bars: (A and C) 210 nm; (B) 40 mm; (D and E) 65 nm; (F and G) 170 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 991
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cytoplasm with a slightly higher concentration at the anterior in
btz2 oocytes (Figures 6B, 6C, and S11A). Interestingly, Hrp48 ap-
peared to associate normally with osk RNPs (Figure S11B; Table
S2), indicating that Btz and Hrp48 associate independently with
oskmRNA. In contrast, only 48% of osk particles were positively
labeled with Stau (Figure S11C, red arrow; Table S2), and only
12% colocalized with TmII (Figure S11D; Table S2), indicating
a role of Btz in recruitment of Stau and TmII to osk mRNA.
We next assessed the association of oskmRNA particles with
MTs and motor proteins in btz2 mutant oocytes. Only a minor
fraction of the RNPs colocalized with Khc (19%; Table S2) or
Dhc (15%; Table S2), and only 18% were in close proximity to
MTs (Figures 6D–6F). Therefore, in addition to its role in Stau
and TmII recruitment, Btz is required for the association of motor
proteins with osk RNPs and thus for binding of the RNPs to MTs.
Similar results were obtained whenmago1 mutant oocytes were
analyzed by ISH-EM (Figure S12 and not shown), confirming that
the EJC is required to recruit motors to the osk RNP.
As in the case of hrp48, in btz2 a weak but reproducible signal
was also observed by FISH in the nurse cell cytoplasm
(Figure 6A). Consistent with this, EM analysis revealed a greater
number of osk particles in nurse cell cytoplasm than in WT (6.3 ±
0.5 particles per field). Whereas osk RNP association with Khc
was strongly reduced (27%; Figure S11E, red arrows; Table
S2), the association with Dhc (52%; Figure S11F, red arrows;
Table S2) and MTs (43%; not shown) was less strongly affected.
Taken together, our findings indicate a central role of the EJC in
the recruitment of Stau and motors to osk mRNA.
Staufen Regulates the Release
of osk RNPs from the Oocyte Anterior
Staufen regulates both the localization and translation of osk
mRNA in the oocyte (Micklem et al., 2000; St Johnston et al.,
1991; van Eeden et al., 2001). In stauD3 oocytes at stage 9, the
bulk of osk mRNA accumulates at the anterior, although trace
amounts of the mRNA can be observed at the posterior pole
(Figure 7A; van Eeden et al., 2001). Ultrastructural analysis of
stauD3 showed that nearly 75% of osk particles accumulate at
the oocyte anterior (Figure 7B), whereas 10% are detected along
the lateral cortex (Figure S13A) and 15% at the posterior pole
(Figure 7C). Thus it appears that nearly 25%ofoskmRNA is trans-
ported away from the anterior in stauD3 oocytes. Interestingly, we
noted that osk particles at the anterior are larger in stauD3 than in
WT oocytes (Table S1), although they are of similar dimensions in
the nurse cells (Figures S13E, S13F, 2F, and 2G). This suggests
that the RNPs undergo some degree of coalescence at the ante-
rior in stau mutant oocytes, possibly due to the abnormally high
concentration of oskmRNA in this region.
Finally, the loading of Hrp48, Btz, and TmII on osk mRNA
appeared unaffected in stauD3 oocytes, indicating that Stau
R
TRacts downstream of these proteins in RNP assembly (Figures
S13C and S13D, arrows; Table S2). In contrast, only 48% of
particles colocalized with Khc (Figure 7E, red arrows; Table
S2), 52% with Dhc (Figure 7F, red arrows; Table S2), and 67%
of the RNPs were located near MTs (Figure 7D, dashed red
circles), revealing that Stau has a role in recruiting and/or stabi-
lizing the MT motor proteins on osk RNPs.
DISCUSSION
Evolution of osk RNPs in Transport from the Nurse Cell
Nuclei to the Oocyte Posterior Pole
We have shown that osk mRNA is synthesized in the nurse cell
nuclei, where it assembles into small particles comprising
Hrp48 and the EJC, which are recruited independently to the
RNA. The particles are then exported into the nurse cell cyto-
plasm where, upon loading of Stau, whose association is
partially EJC dependent, they recruit both dynein and kinesin
and associate with MTs. Upon transport into the oocyte, the
small particles transiently reside at the anterior where they are re-
modeled, in a process requiring Hrp48, Btz, and Stau. During this
process, the osk RNPs presumably lose their association with
the MTs that mediated their transport from the nurse cells into
the oocyte and bind to oocyteMTs for their subsequent transport
(Figure S14A).
From the anterior, small osk particles are transported by kine-
sin toward the center of the oocyte, where a mixed population of
small and more abundant large particles are observed
(Figure S13B). It is likely that these large particles arise through
coalescence of small particles, as a result of their concentration
in the center. Once formed, large particles do not appear to
shuttle back to the anterior, as they were not observed in this
area. Although a transient accumulation of osk mRNA in the
oocyte center was previously described as an important step
prior to posterior transport (Cha et al., 2002), a recent live-cell
imaging study of transgenic tagged osk mRNA argued against
its existence (Zimyanin et al., 2008). A probable explanation for
this discrepancy lies in the different stages of oogenesis at which
the analyses were performed. A central enrichment of oskmRNA
is indeed detected at stage 8 (present study; Cha et al., 2002),
whereas the in vivo analysis was restricted to stage 9 oocytes.
It is possible that the transient central enrichment of osk particles
reflects the dynamic organization of the MTs in the oocyte at
stage 8.
From the center, large osk particles are transported along
MTs toward the posterior pole where they form aggregates
(Figure S14B). Although a detailed understanding of MT
organization will require more sophisticated ultrastructural
approaches, such as EM tomography, our study has revealed
that MTs are present throughout the oocyte, including the
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DFigure 5. osk Particles Fail to Associate with Microtubules and Motor Proteins in hrp487E7-18 Oocytes
(A) FISH showing that, in hrp487E7-18 oocytes at stage 9, oskmRNA is uniformly dispersed in the ooplasm. The background level of labeled oskmRNA is higher in
hrp487E7-18 nurse cells than in WT nurse cells (Figure S2A). ISH-EM reveals that, osk (10 nm gold) is detected within small RNPs homogeneously dispersed
throughout the cytoplasm (B and C, see also Figures S6A and S6B). Colabeling of osk mRNA (10 nm) and a-tubulin (15 nm) shows that the majority of particles
(dashed circles) are not closely associated with MTs (D). Moreover, Khc (E, arrows, 15 nm) and Dhc (F, arrows, 15 nm) do not colocalize with osk RNPs (dashed
circles).
Scale bars: (A) 50 mm; (B, C, E, and F) 250 nm; (D) 310 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 993
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posterior cytoplasm. Indeed, osk RNPs are associated with MTs
even in this region, suggesting that osk mRNA is actively trans-
ported on MT from the center of the oocyte to the posterior pole.
At the posterior pole, osk aggregates form a continuum inter-
spersed among abundant endocytic tubules where Long Osk
has been shown to bind (Vanzo et al., 2007), suggesting that
these membranous structures are involved in anchoring the
mRNA at the posterior pole. However, endogenous osk RNPs
detected throughout the egg chamber are non-membrane-
bound structures that are not associated with any specific intra-
cellular organelle, excluding a direct involvement of membrane
traffic in osk localization.
Hrp48 and the EJC Control osk Particle Assembly
Our analysis has shown that the loading of the shuttling proteins
Hrp48 and Btz on osk mRNA is independent yet that both are
required to generate mature particles that can associate with
motor proteins andMTs. In particular, EJC components enhance
the association between osk RNPs and TmII, which in its turn
promotes the loading or stable association of Khc on osk trans-
port particles. Moreover, in hrp48 and EJC mutants, osk is
present in small particles uniformly distributed in the oocyte. It
is likely that in these mutants the bulk of the mRNA in the oocyte
is transported by cytoplasmic flows, explaining its homoge-
neous distribution and its failure to coalesce into larger particles
(Figure S14D). This also explains the 5-fold decrease in the
number of actively moving particles observed in EJC mutant
oocytes (Zimyanin et al., 2008). Our findings demonstrate that
the nuclear history of themRNA is critical for the loading of motor
proteins to RNPs.
Surprisingly, the association of osk particles with motors and
MTs is better preserved in the nurse cells than in the oocytes of
hrp48andEJCmutants, suggesting that theRNPsare remodeled
upon entry into the oocyte. Indeed, RNP remodeling in the oocyte
is probable, as incoming RNPs must switch from dynein-depen-
dent to kinesin-dependent transport, and presumably detach
from the MTs mediating their nurse cell-to-oocyte transport, to
oocyte MTs mediating their transport to the posterior pole.
The ultrastructural approach we have taken has also provided
insight into the function of the cytoplasmic actin-binding protein
TmII in osk mRNA transport. We have shown that TmII associ-
ates with osk particles mainly in the ooplasm, consistent with
the idea that the RNPs are remodeled upon entry into the oocyte.
Surprisingly, in TmII mutant oocytes the association of Khc with
osk particles is reduced, suggesting that TmII promotes the
recruitment or stability of Khc on osk transport particles.
Staufen Regulates the Release of osk RNPs
from the Oocyte Anterior
Our ultrastructural analysis shows that Staufen is required for
efficient recruitment or stabilization of the MT motor proteins
RE
TRon osk transport particles, explaining the reduced frequency of
movements observed during in vivo imaging (Zimyanin et al.,
2008). The residual motors associated with osk RNPs may
mediate their binding to the dense MT network at the oocyte
anterior but not support their efficient transport, leading to the
observed retention of the mRNA in this region. Alternatively,
Staufen may have a role in the switching of osk RNPs from
MTsmediating their transport from the nurse cells into the oocyte
to the oocyteMTs responsible for the final transport of themRNA
to the posterior pole. A failure to dissociate from nurse cell-to-
oocyte MTs would result in retention of the mRNA at the oocyte
anterior. A similar, but less pronounced accumulation of osk
mRNA is observed in btz mutant oocytes, where the loading of
Staufen is affected.
Khc and Cytoplasmic Dynein Are the PrimaryMTMotors
Actively Involved in osk mRNA Transport
We have shown that, in WT egg chambers, nearly 90% of osk
RNPs are associated with both Khc and Dhc in the nurse cell
cytoplasm and throughout the oocyte. This can explain why
Exu-GFP particles, which are thought to contain osk mRNA
(Wilhelm et al., 2000), show accelerated movement in the nurse
cell cytoplasm of khc null mutants (Mische et al., 2007).
Indeed, it is likely that kinesin, which is present on the same
osk particles as dynein, counteracts the dynein-mediated
transport of osk RNPs from the nurse cells to the oocyte (Clark
et al., 2007).
Our analysis of khc and TmII mutants has shown that when
osk particles fail to associate with Khc, they also fail to accumu-
late in the oocyte center at stage 8, undergo only partial coales-
cence, and mostly accumulate around the oocyte cortex at
stage 9 (Figure S14C). This indicates that Khc is a key motor
transporting osk to the posterior pole. Interestingly, however,
in both khc and TmII mutants, osk RNPs retain their association
with Dhc and MTs, suggesting that dynein links osk RNPs to
MTs also in the oocyte. Our experiments involving live-cell
imaging, antibody injection, and MT depolymerization confirm
this and show that Khc and Dhc are the primary MT motors
actively transporting osk particles. This analysis further sug-
gests that during a single minute, Khc is responsible for active
movement of nearly 75% of the particles, whereas dynein medi-
ates the movement of the remaining 25% of particles in the
oocyte. We therefore conclude that in khc mutant oocytes,
Dhc most likely transports osk particles to the minus ends of
MTs at the lateral cortex (Figure S14C), and that in WT oocytes,
the activity of dynein in osk transport is masked by that of
kinesin. Consistent with this, Zimyanin and coworkers (2008)
found that the speed of osk particle transport is greater in dhc
hypomorphic than in WT oocytes, and previous studies have
proposed a role of dynein in restricting kinesin activity (Serbus
et al., 2005).
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DFigure 6. The Exon Junction Complex Is Essential for Correct Association of Stau, TmII, and Motor Proteins with osk RNA
(A) FISH of btz2 oocytes reveals that from stage 9 onward oskmRNA is dispersed throughout the oocyte, with a mild enrichment at the anterior. Small osk trans-
port particles are detected at both the anterior (B) and the posterior (C) poles. ISH-EM shows that in btz2 the majority of osk transport particles (dashed circles in
D–F, 10 nm gold) are associated neither with MTs (D, 15 nm) nor with the motor proteins kinesin (E, arrows, 15 nm) and dynein (F, arrows, 15 nm).
Scale bars: (A) 50 mm; (B–F) 250 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 995
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In situ hybridization coupled with immuno-EM is now an
established technique (Delanoue et al., 2007) that has been
successfully used in the present study to visualize the assembly
of osk transport particles in the Drosophila oocytes and to
reveal the function of the different osk RNP components in this
process. As a mechanism for localized protein expression,
RNA localization is most powerful when tightly coupled to
translational control. Future ultrastructural analysis combined
with live-cell imaging is bound to provide new insight into the
relationship between the RNA transport and translational control
machineries.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
See Supplemental Experimental Procedures.
Colchicine Treatment
Virgin flies were collected and kept at room temperature for 36 hr in the
absence of yeast, then were fed yeast paste containing 50 mg ml1 colchicine
(Sigma) for 12 hr at 29C. We monitored the effectiveness of colchicine treat-
ment by observing the position of the oocyte nucleus in the ooplasm.
FISH and Immunofluorescence
FISH and immunostaining were performed as previously described (Vanzo and
Ephrussi, 2002). Digoxigenin-labeled antisense RNA probes were prepared
from a full-length osk cDNA. Confocal images were obtained using a SP2 laser
scanning confocal microscope (Leica) with a 403 objective.
ISH-EM and Ultrastructural Analysis
For details of the antibodies and concentrations used in this study, see Supple-
mental Experimental Procedures. ISH-EM was performed as previously
described (Delanoue et al., 2007).
For ultrastructural analysis, the oocyte anterior was defined as the area
within 2 mm of the oocyte plasma membrane at the anterior pole; similarly,
the lateral cortex was defined as the area within 2 mm of the oocyte lateral
plasma membrane; the posterior pole was defined as the space contained
within 2 mm of the posterior plasma membrane and reaching 8–15 mm laterally
(depending on the stage analyzed) from themost posterior point; the rest of the
oocyte was considered as oocyte center.
To evaluate the colocalization between osk mRNA and different markers,
for each genotype at least 500 particles were analyzed in three to ten
different oocytes produced from at least two independent crosses. No signif-
icant statistical variability among oocytes was observed. The size of osk
particles and aggregates was determined by measuring their longer axis using
ImageJ.
The density of osk RNPs in the cytosol of WT and mutant nurse cells was
estimated by counting the number of particles in 50 different optical fields,
at a magnification of 240003.
All images were acquired using a Philips Biotwin high-voltage electron
microscope equipped with a CCD camera.
Live Cell-Imaging and Antibody Injections
Ovaries were dissected and egg chambers mounted in halocarbon oil on
coverslips. PEP1 anti-Dhc antibody (Li et al., 1994) was injected to abolish
dynein function, and anti-HA (Zymed Laboratories) was used as a control.
RE
TRTime-lapse images were recorded on an LSM 710 (Zeiss). Linear trajecto-
ries and the number of oskMS2-GFP positive particles were measured
manually to quantify mean track length and the fraction of motile particles.
The MLD was calculated as the product of the two values. Statistical anal-
ysis was performed using SPSS 15.0. (See Supplemental Data for additional
details.)
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, fourteen
figures, four tables, and six movies and can be found with this article online at
http://www.cell.com/supplemental/S0092-8674(09)01300-2.
ACKNOWLEDGMENTS
We thank Bram Herpers and Catherine Rabouille for sharing their expertise in
ISH-EM, Tom Hays for the PEP1 antibody, and Daniel St Johnston for the
oskMS2-GFP flies. We also thank C. Antony, U. Haselmann, J. Richie, and
the EMBL EM Core Facility for technical support, the EMBL ALMF for use of
the LSM710, and F. Besse, S. Lopez de Quinto, S. De Renzis, S. Ghosh,
and V. Marchand for comments on the manuscript and P. Riedinger for
Figure S14. A.T. is supported by a FEBS long-term fellowship.
Received: April 6, 2009
Revised: August 12, 2009
Accepted: October 13, 2009
Published: November 25, 2009
REFERENCES
Brendza, R.P., Serbus, L.R., Duffy, J.B., and Saxton, W.M. (2000). A function
for kinesin I in the posterior transport of oskar mRNA and Staufen protein.
Science 289, 2120–2122.
Brendza, R.P., Serbus, L.R., Saxton, W.M., and Duffy, J.B. (2002). Posterior
localization of dynein and dorsal-ventral axis formation depend on kinesin in
Drosophila oocytes. Curr. Biol. 12, 1541–1545.
Bullock, S.L., Nicol, A., Gross, S.P., and Zicha, D. (2006). Guidance of bidirec-
tional motor complexes by mRNA cargoes through control of dynein number
and activity. Curr. Biol. 16, 1447–1452.
Cha, B.J., Serbus, L.R., Koppetsch, B.S., and Theurkauf, W.E. (2002). Kinesin
I-dependent cortical exclusion restricts pole plasm to the oocyte posterior.
Nat. Cell Biol. 4, 592–598.
Clark, A., Meignin, C., and Davis, I. (2007). A dynein-dependent shortcut
rapidly delivers axis determination transcripts into the Drosophila oocyte.
Development 134, 1955–1965.
Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L.Y., and Jan, Y.N. (1994). Tran-
sient posterior localization of a kinesin fusion protein reflects anteroposterior
polarity of the Drosophila oocyte. Curr. Biol. 4, 289–300.
Cohen, R.S. (2005). The role of membranes and membrane trafficking in RNA
localization. Biol. Cell 97, 5–18.
Delanoue, R., Herpers, B., Soetaert, J., Davis, I., and Rabouille, C. (2007).
Drosophila Squid/hnRNP helps dynein switch from a gurken mRNA transport
motor to an ultrastructural static anchor in sponge bodies. Dev. Cell 13,
523–538.
Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell formation by
oskar. Nature 358, 387–392.
A
TE
DFigure 7. Stau Recruits or Stabilizes Motor Proteins on osk Transport Particles in the Oocyte
(A) Confocal analysis of stage 9 stauD3 oocytes shows that osk mRNA is mostly enriched at the oocyte anterior, although a small amount reaches the posterior
pole. ISH-EM reveals that 75% of osk particles (10 nm gold) accumulate at the anterior (B) and 15% at the posterior pole of the oocyte (C). Double-labeling of
stauD3 oocytes shows that nearly 70% of osk RNPs (10 nm) associate with MTs (D, red dashed circles, 15 nm) and 30% do not (dashed blue circles). Moreover,
50% of osk particles colocalize with Khc (E, red arrows, 15 nm) and Dhc (F, red arrows, 15 nm,), whereas 50% do not (blue arrows in E and F).
Scale bars: (A) 50 mm; (B–F) 250 nm.Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc. 997
Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). Oskar organizes the
germ plasm and directs localization of the posterior determinant nanos. Cell
66, 37–50.
Erdelyi, M., Michon, A.M., Guichet, A., Glotzer, J.B., and Ephrussi, A. (1995).
Requirement for Drosophila cytoplasmic tropomyosin in oskarmRNA localiza-
tion. Nature 377, 524–527.
Hachet, O., and Ephrussi, A. (2001). Drosophila Y14 shuttles to the posterior
of the oocyte and is required for oskar mRNA transport. Curr. Biol. 11,
1666–1674.
Hachet, O., and Ephrussi, A. (2004). Splicing of oskar RNA in the nucleus is
coupled to its cytoplasmic localization. Nature 428, 959–963.
Hirokawa, N. (1998). Kinesin and dynein superfamily proteins and the mecha-
nism of organelle transport. Science 279, 519–526.
Huynh, J.R., Munro, T.P., Smith-Litiere, K., Lepesant, J.A., and St Johnston, D.
(2004). The Drosophila hnRNPA/B homolog, Hrp48, is specifically required for
a distinct step in oskar mRNA localization. Dev. Cell 6, 625–635.
Januschke, J., Gervais, L., Gillet, L., Keryer, G., Bornens, M., and Guichet, A.
(2006). The centrosome-nucleus complex and microtubule organization in the
Drosophila oocyte. Development 133, 129–139.
Kim-Ha, J., Smith, J.L., and Macdonald, P.M. (1991). oskarmRNA is localized
to the posterior pole of the Drosophila oocyte. Cell 66, 23–35.
Lehmann, R., and Nusslein-Volhard, C. (1986). Abdominal segmentation, pole
cell formation, and embryonic polarity require the localized activity of oskar,
a maternal gene in Drosophila. Cell 47, 141–152.
Li, M., McGrail, M., Serr, M., and Hays, T.S. (1994). Drosophila cytoplasmic
dynein, a microtubule motor that is asymmetrically localized in the oocyte. J.
Cell Biol. 126, 1475–1494.
Martin, K.C., and Ephrussi, A. (2009). mRNA localization: gene expression in
the spatial dimension. Cell 136, 719–730.
Micklem, D.R., Adams, J., Grunert, S., and St Johnston, D. (2000). Distinct
roles of two conserved Staufen domains in oskarmRNA localization and trans-
lation. EMBO J. 19, 1366–1377.
Micklem, D.R., Dasgupta, R., Elliott, H., Gergely, F., Davidson, C., Brand, A.,
Gonzalez-Reyes, A., and St Johnston, D. (1997). The mago nashi gene is
required for the polarisation of the oocyte and the formation of perpendicular
axes in Drosophila. Curr. Biol. 7, 468–478.
Mische, S., Li, M., Serr, M., and Hays, T.S. (2007). Direct observation of regu-
lated ribonucleoprotein transport across the nurse cell/oocyte boundary. Mol.
Biol. Cell 18, 2254–2263.
Mohr, S.E., Dillon, S.T., and Boswell, R.E. (2001). The RNA-binding protein
Tsunagi interacts with Mago Nashi to establish polarity and localize oskar
mRNA during Drosophila oogenesis. Genes Dev. 15, 2886–2899.T998 Cell 139, 983–998, November 25, 2009 ª2009 Elsevier Inc.
RENavarro, C., Puthalakath, H., Adams, J.M., Strasser, A., and Lehmann, R.
(2004). Egalitarian binds dynein light chain to establish oocyte polarity and
maintain oocyte fate. Nat. Cell Biol. 6, 427–435.
Newmark, P.A., and Boswell, R.E. (1994). The mago nashi locus encodes an
essential product required for germ plasm assembly in Drosophila. Develop-
ment 120, 1303–1313.
Palacios, I.M., and St Johnston, D. (2002). Kinesin light chain-independent
function of the kinesin heavy chain in cytoplasmic streaming and posterior
localisation in the Drosophila oocyte. Development 129, 5473–5485.
Palacios, I.M., Gatfield, D., St Johnston, D., and Izaurralde, E. (2004). An
eIF4AIII-containing complex required for mRNA localization and nonsense-
mediated mRNA decay. Nature 427, 753–757.
Serbus, L.R., Cha, B.J., Theurkauf, W.E., and Saxton, W.M. (2005). Dynein and
the actin cytoskeleton control kinesin-driven cytoplasmic streaming in
Drosophila oocytes. Development 132, 3743–3752.
St Johnston, D. (2005). Moving messages: the intracellular localization of
mRNAs. Nature 6, 363–375.
St Johnston, D., Beuchle, D., and Nusslein-Volhard, C. (1991). Staufen,
a gene required to localize maternal RNAs in the Drosophila egg. Cell 66,
51–63.
Theurkauf, W.E., Alberts, B.M., Jan, Y.N., and Jongens, T.A. (1993). A central
role for microtubules in the differentiation of Drosophila oocytes. Development
118, 1169–1180.
van Eeden, F.J., Palacios, I.M., Petronczki, M., Weston, M.J., and St Johnston,
D. (2001). Barentsz is essential for the posterior localization of oskarmRNAand
colocalizes with it to the posterior pole. J. Cell Biol. 154, 511–523.
Vanzo, N.F., and Ephrussi, A. (2002). Oskar anchoring restricts pole plasm
formation to the posterior of the Drosophila oocyte. Development 129,
3705–3714.
Vanzo, N., Oprins, A., Xanthakis, D., Ephrussi, A., and Rabouille, C. (2007).
Stimulation of endocytosis and actin dynamics by Oskar polarizes the
Drosophila oocyte. Dev. Cell 12, 543–555.
Wilhelm, J.E.,Mansfield, J., Hom-Booher, N.,Wang,S., Turck,C.W.,Hazelrigg,
T., and Vale, R.D. (2000). Isolation of a ribonucleoprotein complex involved in
mRNA localization in Drosophila oocytes. J. Cell Biol. 148, 427–440.
Yano, T., Lopez de Quinto, S., Matsui, Y., Shevchenko, A., Shevchenko, A.,
and Ephrussi, A. (2004). Hrp48, a Drosophila hnRNPA/B homolog, binds and
regulates translation of oskar mRNA. Dev. Cell 6, 637–648.
Zimyanin, V.L., Belaya, K., Pecreaux, J., Gilchrist, M.J., Clark, A., Davis, I., and
St Johnston, D. (2008). In vivo imaging of oskar mRNA transport reveals the
mechanism of posterior localization. Cell 134, 843–853.
CT
ED
